The basis of early ischemic contractile failure was investigated in perfused ferret hearts at 27°C. Isovolumic left ventricular developed pressure fell by more than 50%o within 30 seconds of the onset of total global ischemia and reached zero by 5 minutes. Monophasic lapse of intravascular pressure, leading to a reduction in the sarcomere length of the myocardial cells that surround the vessels and a consequent fall in tension development via the Frank-Starling effect.'2-16 Although the first, second, and third mechanisms certainly come into play at some point during ischemia, there is reason to doubt whether excitation fails and metabolites change with sufficient rapidity to account for early contractile failure. The fourth idea, which has come to be known as the "garden hose" or "erectile" effect, has been supported only by indirect evidence'2-'4 or by exclusion.'5
Mechanism of Early
The experimental challenge of dissecting out any given factor during ischemia has hampered progress. In an attempt to mimic ischemia, hypoxia has been used alone or in combination with glycolytic inhibition. Although such maneuvers are interesting in their own right, they do not accurately reproduce the metabolic or mechanical effects of ischemia. With hypoxia and/or metabolic inhibition in perfused hearts, '6-19 there is continual washout of metabolites; if such washout is prevented by working with a restricted extracellular space,20 the putative effects of intravascular pressure remain unassessed. Even Figure 1B ].)
After measurements under control conditions, perfusion was completely stopped.
31P NMR Measurements
In nine hearts, 31P NMR spectra were acquired at a spectral width of 6 kHz using 340 pulses delivered at 1-second intervals (145.8 MHz for 31p). The spectra were averaged over 30 seconds and processed as described before. 17 The amounts of Pi, PCr, and ATP in the myocardium were obtained by planimetry of the areas under individual peaks using a digitizer, then normalized by the peak for the magnesium trimetaphosphate standard in the left ventricular balloon, and multiplied by an appropriate scaling factor to derive cytoplasmic concentrations.17 pHi was determined from the shift between the Pi and PCr resonances. 23 After five 31P NMR spectra were obtained under control conditions, hearts were subjected either to total global ischemia (n=4) or to coronary microembolization (n=5). Embolization at the precapillary arteriolar level22 was accomplished by bolus injection of nonradioactive carbon microspheres (13.7+0.8,m in diameter, 7x 105 spheres/ml/min of coronary flow during control; 3M Co., St. Paul, Minn.) into the aortic cannula at a coronary perfusion pressure of 80 mm Hg. Preliminary experiments showed that maximally effective microembolization (as judged by reduction of coronary flow) was achieved at doses of 6 x 105/ml/min or more. Microspheres were suspended in 0.4-0.6 ml of 10% dextran, agitated for at least 15 minutes in an ultrasonicator (Bransonic 2200, Branson Cleaning Equipment Co., Shelton, Conn.), and stirred by a vortex mixer for at least 1 minute. Coronary flow was checked 1 minute after microsphere embolization.
Statistical Analysis
All pooled data are presented as mean±SEM. Statistical analysis was performed by paired or nonpaired t tests or by analysis of variance when indicated. 24 Results were regarded as significant whenp<0.05. Figure 1A shows a continuous record of isovolumic left ventricular pressure from a Langendorff-perfused ferret heart at 27°C. Total global ischemia was induced at time 0. As expected from previous work,25 force decreased rapidly even at this low temperature: the pressure developed by the heart fell by more than 50% in 30 seconds. Pooled data from six hearts, shown in Figure 1B , confirm the consistency of the rapid time course of early ischemic contractile failure. Developed Figure 1 ). Pi was visibly increased in the spectra obtained after 1-1.5 minutes of ischemia, whereas at this time pH, still remained equivalent to the control value. Pooled data from four hearts, shown in Figure 4 , reveal a marked discrepancy of the time course between the metabolic changes (panels A-C) and the functional depression in the same hearts (panel D Figure 6 presents the crucial comparison of the decline in contractile pressure in standard ischemia versus microembolization. Although function declines in both groups, the changes of systolic (panel A) and developed (panel C) pressure were considerably slower with microembolization as compared with total global ischemia. For each of these parameters, the difference between the two curves is highly significant (p<O.Ol by multivariate analysis of variance). Diastolic pressure changes (panel B) were comparable in the two groups. The observation of much slower functional decline with microembolization supports the idea that intravascular collapse makes a major contribution to early contractile failure.
Results

Early Ischemic Contractile Failure in Ferret Hearts
If microembolization completely preserves normal intravascular pressure, the functional decline that persists in the microembolized hearts might be due entirely to the superimposed metabolic changes, which, as we have seen, are identical to those in ordinary ischemia. To visualize the contribution of the erectile effect above and beyond that of metabolite accumulation, we compared the observed functional changes in each group with those predicted solely on the basis of the changes in [Pi] and pHi. [Pi] and pHi were altered in the absence of ischemia,23 we estimated the pure effects of these two metabolic factors on developed pressure ( Figure 7B ). It is apparent by comparison of panels A and B that the ischemia data consistently fall far under the "ideal"
[Pi]/pHi surface; an additional factor must be invoked to explain the contractile failure.
If that additional factor is intravascular pressure, we would expect a much closer correspondence between the microembolization data, shown in Figure  7C , and the ideal prediction. Comparison of Figures  7B and 7C confirms that this is indeed the case. The changes in [Pi] and pH, almost suffice to explain the persistent decline in function when intra-arterial pressure is maintained. The agreement would not have been expected to be exact; at best, microembolization preserves only the intra-arterial pressure, whereas pressure on the venous side,30 as well as other metabolites not considered here, may well exert additional effects. Nevertheless, the agreement between the observed and predicted data is so close in the microembolized hearts that we conclude other such factors must make only a minor contribution to early contractile failure. Figure 5 .
nary pressure is maintained throughout hypoxia, but falls rapidly during global ischemia.
Our results with microembolization demonstrate the primacy of intravascular pressure, rather than coronary flow, in the garden hose phenomenon. In this respect, the results agree with those of others30,41 who have addressed the question experimentally by producing independent changes in coronary flow and intravascular pressure (but compare with References 42 and 43).
It is important to consider the implications of our observations for ischemic failure in vivo. Although the relative contribution of the erectile effect might be accentuated in crystalloid-perfused hearts, Vogel and coworkers39 have observed similar "hydraulic" how this occurs. The most explicit idea envisions myocytes as being mechanically stretched by the distension of adjacent vascular spaces.12 Vascular collapse unsplints the myocytes such that they operate at a less favorable end-diastolic length. The fall in force then is simply the result of the Frank-Starling effect. 44 Despite the appeal of this notion, it is supported by little direct evidence. Histological examination of arrested hearts has revealed modest changes in sarcomere length with steady-state alterations in coronary pressure,45 but the conditions were such that extrapolation to intact hearts can only be tentative. The present study was performed under isovolumic loading conditions, so that changes in sarcomere length are inevitably small. Indeed, recent experiments by Kitakaze and Marban46 give reason to doubt that preload is the sole determinant of changes in force development due to alterations of coronary perfusion. These investigators showed that force generation could increase in response to perfusion pressure even in hearts that had already been stretched to the optimal end-diastolic length. As an alternative to the Frank-Starling effect, it seems equally likely that the vessels themselves, when distended, act as struts that potentiate the strength of myocardial contraction independent of sarcomere length changes. Such uncertainties, coupled with the increasing recognition that endothelial cells can modulate cardiac contraction,47 should prompt thorough reexamination of the cellular mechanism of vasotropic feedback.
